Computer-based remodeling analysis of each individual child and creation of individualized, 3D printed surgical guides can help standardize these complex reconstructive procedures and potentially lead to a better surgical outcome. In this study we describe a novel technique in which we use computer-assisted procedures for fabrication of individualized 3D printed surgical templates for frontoorbital advancement surgery.
methods 3d modeling and virtual correction process
Our patients underwent thin-cut CT scanning with 3D reconstructions of the head to evaluate the craniosynostosis as well as facial and skull base deformities. An optimized protocol for infants was applied with radiation dose reduction ( Table 1) . Special attention was directed to include the complete soft-tissue volume into the scan of the skull (anterior, tip of nose; posterior, occiput; cranial, vertex; and caudal, occipital condyles and maxillary alveolar process). This was important for subsequent correct virtual 3D-based intervention planning and detection of all deformation simulations, including symmetry investigations. The infant's head was stabilized during CT scanning, paying special attention to avoid pressure deformation of the facial skin. The DICOM data set was transferred to a computer system with extended graphic card (GeForce GTX 640 graphic chip, NVIDIA), imported, and 3D reconstructed using the software SurgiCase-CMF (version 5.0, Materialise) ( Fig. 1 ). After visualization of the skull morphology, the 3D virtual planning was performed. The procedure was started by outlining the classic cranial osteotomies for a frontoorbital advancement (bifrontal craniotomy and orbital bandeau; Fig. 2 ). First, we used mirroring techniques of the patient's unaffected side ( Fig. 3A and B) . For further correction, near-similar reference skulls of patients with the same age, sex, and ethnicity, free of alterations or deformations in relevant regions, and without any scanned artifacts were used (Fig.  3C) . The virtual orbital bandeau and the frontal bone were now advanced to the new target position by the advanced software tools. To obtain the best possible correction, the bony elements were moved in relation to each other in various constellations and always also in relation to the reference data ( Fig. 4A and B) . The best matching arrangement was then selected to run a prediction algorithm to simulate soft-tissue changes. This simulation is not completely accurate but provides a useful estimation for the intensity and direction of expected transformations across the forehead and orbit (Fig. 4C) . The final planning version (Fig.  5) was then selected as the basis for the design of the 3D template of the frontal bone segments (Fig. 6A ) and the orbital bandeau (Fig. 6B) . The templates allow the accurate transfer of the virtual correction plan to the actual intraoperative correction procedure (Fig. 7) . After using a positive template (where bone fragments are placed on the outside convex side) we determined that negative templates (Fig. 7) were more applicable intraoperatively. These templates allowed for a precise reconstruction and plating of the orbital bandeau (Fig. 7) .
3d printing process
All casts and cutting guides were fabricated from medical-grade material (polyamide, PA-2200; EOS) and under certified production procedures (ISO [International Organization for Standardization] 9001 and ISO 13485) via selective/direct laser sintering/laser melting (Composites Busch S.A.). The advantages of this fabrication method are fast availability and secure sterilization without the risk of deformation or distortion. A test with less-expensive acrylonitrile butadiene styrene material proved to offer less intraoperative flexibility because of the need to cover the templates with sterile bags. Because of the chemical and thermal resistance of the polyamide 3D printouts, a steam sterilization process can be performed in an autoclave without any problems.
intraoperative technique
After the preoperative virtual planning process is completed, the plan is demonstrated and discussed with the family, with the aid of the CAD/CAM workstation for visualization. Thereafter, the manufacturing of the surgical templates is completed, and the patient is taken to the operating room, prepared, and draped as usual. The surgical procedure is performed by a team of pediatric neurosurgeons and craniomaxillofacial surgeons. Access to the cranial vault is done through a zigzag-patterned coronal incision, preserving the pericranium by dissection of the galeal flap. The 3D printed and preoperatively sterilized frontal and orbital cutting guides are placed on the cranial bone. Afterward, the planned osteotomy lines are marked using a surgical marking pen (gentian violet ink) ( Fig. 6A  and B) . A bifrontal craniotomy is performed in standard fashion, while the osteotomies of the orbital bandeau are performed using a piezoelectric device (Piezosurgery system, Mectron Medical Technology). The temporal muscles are bilaterally minimally mobilized to enable the preparation of the lateral struts of the orbital bandeau guided by the suitable cutting templates (Fig. 6B ). Additional osteotomies are performed on a separate table ac- cording to the preoperatively planned virtual osteotomies (Fig. 7A) . Afterward, the negative templates are used as guides for the fixation of the bone segments according to the preoperatively planned position (Fig. 7) . These guides are designed as negative templates with edges for easy orientation and precise rigid bone fixation by absorbable poly-dl-lactic acid (PDLLA) fixation plates and screws (SonicWeld, KLS Martin) (Figs. 7B-D and 8A). First, the remodeled orbital bandeau is positioned and fixed in the new symmetrical position. The degree of overcorrection on the side ipsilateral to the craniosynostosis still depends on the surgeon's experience. However, the virtual plan will allow us to quantify the degree of overcorrection. Second, the frontal bone plates are placed and fixed by PDS sutures (Ethicon) (Fig. 8B ). At the end of the surgical procedure, subgaleal drains without suction are inserted. Skin closure is done using multilayered resorbable closure.
results
Based on our preliminary intraoperative experience, the virtually planned and 3D printed templates provide excellent accuracy for cranial modeling. They allow advanced cutting geometries, and every cut line for the frontal and frontoorbital osteotomies can be precisely defined by placing the templates on the skull (Fig. 6 ). After completing the frontal craniotomy and the osteotomy of the frontoorbital region, the bone fragments can be placed into the 3D printed positioning/shaping templates, which are easy and safe to handle (Fig. 7) . In the printed negative form, the bone pieces can be fixed with resorbable plates and screws (Fig. 7) , allowing a precise reconstruction based on the virtual planning data. We found that the bone fragments fit very well into the negative form. In our first experience, the 3D templates simplified and sped up the reconstruction process.
planning time and cost
The planning went through many iterations for process improvement. The planning time took up to 6 working days, requiring many manual steps. After a suitable workflow for all virtual procedures (such as the handling, import, and 3D reconstruction of image data), the planning procedure, and the design of placing and positioning/ shaping templates is well defined, the required planning time per patient is expected to be 1-2 working days.
Developing the planning tool and performing the virtual planning was performed by one author (J.B.). The cost of planning will largely depend on the complexity of the case but is expected to be the salary for 1-2 working days and overhead cost for the 3D printing. These costs can range between $3000 and $4500 (US dollars). The cost for materials is between $1500 and $2000.
case descriptions

Case 1
This 8-month-old girl had a nonsyndromal right-sided coronal craniosynostosis leading to plagiocephaly and brachycephaly. The patient presented with a typical Harlequin deformity of her right eye, flattening of her right forehead, closed fontanels, and a deviation of her nose root. Her head circumference was 43 cm (75th percentile). No deficits were seen during neurological examination, except a strabismus of the right eye, which had been present since birth. The patient's psychomotor development was normal. Bilateral frontoorbital advancement was conducted as described above. Intraoperative blood loss was 300 ml, and 80 ml of blood was transfused intraoperatively. The operative time was 300 minutes. The postoperative period was uneventful, and the patient was discharged on the 4th postoperative day. The postoperative follow-up after 3 weeks showed no neurological deficits, good scar healing, and very good reconstructive results on the right side, in spite of minimal swelling above of the left orbit. Additional follow-up with a 3D photo scan is planned 6 months postoperatively.
Case 2
This 8-month-old girl had a nonsyndromal right-sided coronal craniosynostosis leading to plagiocephaly. The patient presented with a typical Harlequin deformity of her right eye, flattening of her right forehead, closed fontanels, and a deviation of her nose root (Fig. 9A) . Her head circumference was 40 cm (50th percentile). No deficits were seen during neurological examination, except a strabismus of the right eye, which had been present since birth. The patient's psychomotor development was normal. Bilateral frontoorbital advancement was conducted as described above. Intraoperative blood loss was 500 ml, and 150 ml of blood was transfused intraoperatively. The operative time was 270 minutes. The postoperative period was uneventful, and the patient was discharged on the 4th postoperative day. The postoperative follow-up after 3 weeks showed no neurological deficits, good scar healing, and very good reconstructive results on the right side (Fig.  9B) . A light asymmetry with residual right-sided flattening of the forehead is still visible; however, given the short follow-up time, it is expected to improve with time. An additional follow-up with a 3D photo scan is planned 6 months postoperatively.
discussion
Currently, template-and CAD/CAM-based bone remodeling for craniosynostosis surgery is an emerging topic, with a few novel techniques described in the literature over the last few years. 1, 2, [8] [9] [10] 12, 16, 18, 19, 22, 25, 26 Still, surgical procedures for craniosynostosis lack methods simplifying and objectifying the cranial remodeling process. The intraoperative process and its cosmetic outcome continue to be determined mostly by the surgeon's experience and learning curve. Marchac, one of the first to acknowledge this problem, developed a frontal pattern in 1983 to aid in remodeling the frontal bandeau, known as Marchac forehead templates. 13 Though proven to be very helpful at the time, these templates cannot account for individual variations. Mommaerts et al. advocated a simple forehead template, mainly used as an osteotomy guideline, since the shape of the template is approximate and not based on normative data. 18 Pappa et al. created a frontal bandeau template that was adjusted preoperatively on the child's forehead, sterilized, and used intraoperatively, yet the adjustment and the resulting shape were based on subjective judgment only. 19 The template used by Burstein et al., which employed a LactoSorb strip as a Marchac template by modulating it in a heated in water bath, was obviously also influenced by the surgeon's subjective intraoperative assessment. 2 Saber et al. designed a frontal bandeau template out of steel based on 103 normal infant skulls, which was then adjusted for size and age via 3D computeraided design and machining methods. 10, 22 The individual template was then used intraoperatively, leading to more objective reconstruction of the frontal bandeau. Although the templates were individualized for each patient and used intraoperatively, the template provides objective reconstruction only for the frontal bandeau without addressing the reconstruction of the frontal bone. Similarly, Shah et al. described an individualized set of templates for the reconstruction of the frontal bandeau. 26 The first template fits along the trigonocephalic supraorbital region to aid in the osteotomy placement, the second acts as an ex vivo guide to fashion and stabilize the segments, and the third is placed posterior to the temporal extension of the frontoorbital segment and helps establish the magnitude of the needed advancement. 26 Imai et al. described a distraction device to gradually treat craniosynostosis. 9 They used a solid 3D model to determine preoperatively the most favorable osteotomy lines and to determine the vectors and amount of advancement for distraction. However, the remodeling is based on preoperative simulation that does not include intraoperative frame-based remodeling, and a second operation is needed to remove the device. Hochfeld et al. developed an intraoperative reconstruction tool for cranial remodeling based on an evolving database of normal head shapes. 8 This tool is capable of transmitting statistical information into the actual surgi- cal procedure, leading to more objective surgical results; it provides frame-based reconstruction for the frontal bone as well. However, its setup and usage are time consuming and complex and might lead to a longer operation time, which correlates with increased blood loss. 6 Seruya et al. and Mardini et al. described cranial vault remodeling with prefabricated templates using the preoperative CAD/CAM technique. 16, 25 Both groups concluded that this method allows for more precise, accurate, efficient, and rapid surgery, without the need for subjective assessment of the desired calvarial shape. In addition, it accelerates the learning curve for young and less experienced surgeons and helps families gain a better understanding of the disease and the surgery. 16, 25 These observations have been made by us as well.
The surgical molding of the bone is only one of the variables affecting the long-term cosmetic outcome in craniosynostosis. The degree of the cranial base deformity, which is not corrected through the frontoorbital advancement, might have an impact on long-term outcome. 3 The timing of surgery has also been shown to be an important variable that influences the relapse rate. 6, 27 According to Foster et al. and Marchac and Renier, patients who undergo surgery between the ages of 6 and 12 months have the best outcome and lowest recrudescence rate. 5, 14 For this reason, children with coronal craniosynostosis undergo surgery at our institution at the age of 6-12 months. Other factors affecting outcome and relapse rate might be the devascularization of the frontoorbital bandeau and the patient's genetic makeup. These variables might be more influential on outcome than the surgical correction of craniosynostosis.
Overcorrection of the side ipsilateral to the craniosynostosis has been advocated by some surgeons to account for recrudescence of the synostosis. 4, 17 The degree of overcorrection remains a variable that is difficult to quantify and largely depends on the surgeon's experience. After adjusting and plating the orbital bandeau within the negative mold (Fig. 7) , the assembled bandeau is put in place and the overcorrection is performed. We measure the overcorrection intraoperatively and correlate it to the clinical outcome and the 3D photographs with the goal of reaching a better standardization of the advancement. These data are integrated in future treatment planning.
Our novel technique using 3D printed templates for the frontal bandeau and the frontal bone, based on computerized calculations for the ideal cosmetic results of each individual patient, seems to provide an overall easy and feasible intraoperative solution. From our initial experience in 2 cases, the 3D printed templates are very easy to handle intraoperatively, leave almost no room for subjective decision making concerning the cranial remodeling, and lead to very satisfying results with a steep learning curve and no prolongation of the operation time. The main difference of our method compared with the above-described procedures is the fabrication of negative molds, which allow shaping the orbital bandeau and fixing it with the resorbable plates. We believe that the combination of cutting and positioning/shaping templates allow a more precise reconstruction.
limitations
Our experience so far is based on only 2 cases and lacks long-term follow-up of patients. This paper only describes the novel technical aspects and is illustrated by a representative case. At this time, no conclusions can be drawn on surgical safety, long-term results, and potential reduction in relapse rates. The preoperative planning is time consuming and requires knowledge of the software (SurgiCase-CMF, version 5.0, Materialise). The process depends on 3D printing capabilities, which also potentially limits the feasibility. The cost of virtual surgery planning and manufacturing of the 3D models is approximately $4500-$6000 (US dollars). The cost will also largely depend on the complexity of the case and the number of templates.
conclusions
Our novel technique using 3D printed templates for frontoorbital advancement surgery will potentially allow for a more predictable reconstruction based on standardized measurements. Based on our first cases, this technique appears to be safe and feasible. To determine whether we are able to achieve shortened surgical times and improved long-term results, a larger series of patients is needed.
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